ABSTRACT: Three benthic microbial communities from a hypersaline lagoon with tidal influence were studied: a compact microbial mat, a 'fluffy' microbial mat and a non-cohesive diatom-dominated sediment. In each community, qualitative and quantitative analyses of phototrophs, meio-and macrofauna were done. Vertical profiles of oxygen, sulfide and pH were measured at the sediment-water interface using microelectrodes. Physico-chemical properties of the water column were also assessed. The most compact mat, dominated by Microcoleus chthonoplastes, had the highest photosynthetic biomass, while meio-and macrofauna were nearly absent. The compact mat showed the steepest physico-chemical microgradients and the highest fluxes of oxygen and sulfide. The 'fluffy' mat had an areal amount of chl a similar to the compact mat and contained a higher abundance of meiofauna. This mat showed the deepest oxic layer. The diatom-dominated sediment comprised a high abundance of macrofauna, but meiofauna were very scarce. This community presented relatively smoother microgradients and intermediate values of internal fluxes of oxygen. Our results show the close relationship between the structure of the microbenthic communities, net metabolism, and the exchange of mass at the water-sediment interface. Changes in biotic and abiotic factors determined the spatial distribution of each microbial community.
INTRODUCTION
Microbenthic communities play a major role in the flux of carbon in shallow aquatic environments. These complex microbial communities are vertically stratified, and the organisms growing herein are subjected to steep physico-chemical microgradients . Biomass, species composition and physical structure of microbenthic communities are highly variable. These communities can vary from those inhabiting the surface of noncohesive sediments, where the microbial community is invisible to the naked eye, to very well-developed and conspicuous microbial mats that form a continuous biofilm on the sediment surface. Given the trophodynamic importance of these kinds of microbial communities in intertidal flats and other shallow aquatic environments and their role in the exchange of nutrients at the water-sediment interface, it is necessary to understand the ecological factors that determine their abundance and structure in nature. Moreover, biomass density, species composition and the physical structure of microbenthic communities are likely to strongly affect the overall nutrient cycling. Similarly, the physical stability of sediment is also affected by species composition: aggregation and compactation may occur by exopolymer secretion and entangling of filamentous cyanobacteria, while mechanical disturbance of the sediment increases with the abundance of meioand macrofauna (Giere 1993) . The presence of specific physiological adaptations in some taxonomic groups allows them to compete favourably in harsh environ-ments. Nitrogen fixation (Dubinin et al. 1992) , fermentation (Moezelaar et al. 1996) , the use of sulfide as an electron source (de Wit & van Gemerden 1989 , van den Hoek et al. 1995 , and the presence of some UV-protective substances (Garcia-Pichel & Castenholz 1991) have been demonstrated in some cyanobacteria, allowing these microorganisms to survive under very stressful and dynamic conditions (high irradiance, salinity, temperature). However, these physiological adaptations do not explain why microbial mats are usually absent in more moderate environmental conditions. Meio-and macrofauna can also play an important role in controlling microbial mat development in coastal environments. Under moderate environmental conditions, e.g. coastal environments, meio-and macrofauna reduce primary producer concentration due to a high grazing activity (Hargrave 1970 , Connor et al. 1982 , and thus these mild conditions prevent mat accretion , Awramik 1984 . It has been classically postulated that extreme conditions like high salinities in hypersaline environments (Pierson et al. 1987 , Wieland & Kühl 2000 , periodic dryings (Lassen et al. 1992) , or high temperatures from thermal sources (Castenholz 1984) can limit meio-and macrofauna growth, allowing the development of microbial mats. However, few studies have quantified meio-and macrofauna in microbial mats (Fenchel 1998 , Pinckney et al. 2003 , or analyzed their possible influence on mat structure, metabolism, and the exchange of mass at the water-sediment interface (Cullen 1973 , Aller & Aller 1992 , Huettel & Gust 1992 .
In the present study, we compare 3 different types of benthic communities growing in a small hypersaline lagoon with tidal influence, and therefore under the same ecological conditions at a macroscopic scale. The lagoon is within a protected area, the Natural Park 'Bahía de Cádiz', where different types of microbenthic communities, including microbial mats, can be found. Microbenthic communities had not been studied previously in the Bay of Cádiz despite their importance in terms of surface cover in salt marshes, saltpans and intertidal sediments. This study aims to elucidate the ecological factors affecting the benthic microhabitat and its microbial community and determine how these factors can influence the community structure, metabolism and mass transfer at the watersediment interface.
MATERIALS AND METHODS
Area of study. The sampling site is a small (ca. 3 ha) and very shallow (depth < 1 m, mean values 0.15 to 0.20 m) lagoon located inside the Natural Park 'Bahía de Cádiz', in the SW of Spain (36°32' 2" N, 6°12' 35" W).
It is connected to the San Pedro estuary by a creek, allowing a tidal input of marine water ( Fig. 1 ), but the regime of exchange and renovation of water in the lagoon does not coincide with that of the estuary. Two different areas can be distinguished according to tidal exchange and water renovation. An artificial tube that limits water flow connects these 2 sub-lagoons. The side closer to the estuary, in the north (Site 1), has relatively moderate salinities (30-50) and higher spatial homogeneity, whereas the patchy lagoon in the south (Site 2) has a lower water turnover rate, leading to more fluctuating and extreme salinities (up to 80-100, mean value 45). Site 2 could therefore be associated with a strong physical control: longer emersion periods (up to 2 mo) and more frequent fluctuations with higher amplitudes of temperature, salinity and other physico-chemical variables.
The present study was done in 2 phases. In the first phase (April to June 2000), we did a general characterization of Site 1 and Site 2 to understand why microbial Fig. 1 . Area of study in SW of Spain. Surface colonized by microbial mats in the lagoon. Microbial mats were only present in the zone furthest away from the estuary. Some sediment surface was only covered by mats during the summer (June to September) mats were mainly present at Site 2. Once the general hydrological dynamics of the lagoon were understood, the study was focussed (April 2003) on 3 kinds of microbenthic communities present at Site 2 to better resolve what ecological factors, biotic and abiotic, determine their different structure. The smaller size of Site 2 guarantees a higher uniformity at the macroscopic scale in the physico-chemical and climatological variables to which the microbenthic communities were adapted. The studied communities were non-cohesive diatom-dominated sediment, a thick microbial mat with a fluffy appearance, and a compact microbial mat. Hydrology and physico-chemical parameters of the water column. Characterization of the lagoon at different temporal resolutions was performed by assessing the hydrology and a number of physico-chemical variables. Near daily measurements of water level, rain-evaporation balance, salinity, pH, water temperature, and the concentration of dissolved oxygen, nitrate and ammonium were carried out from April to June 2000. During a 12 h tidal cycle on 3 June 2000, water level, O 2 , pH, and water temperature were monitored every 10 min, using a multiparameter logger. Irradiance, rain and evaporation data were acquired from the meteorological station located at Cádiz city (8 km away from the lagoon).
Organic matter content of the sediment and granulometry. Water content and the amount of organic matter were determined in sediment cores (n = 3, inner diameter [i.d.] = 6.7 cm) collected during April 2003 from each microbenthic community at Site 2 according to Krumgalz & Fainshtein (1989) . In order to analyze grain-size composition, 3 cores were taken (n = 3, i.d. = 10.5 cm) from each benthic community. In the laboratory, samples (upper 5 cm) were passed through a stack of sieves with 2.0, 1.0, 0.5, 0.25, 0.125, and 0.063 mm mesh sizes, using tap water. Through this wet sieving, salt is removed but faecal pellets are conserved, which can consolidate great amounts of fine sediment. Desiccation of the sediment, which leads to disintegration of the faecal pellets into their constituents (Giere 1993) , was thus avoided. After the wet sieving, each size fraction was dried at 60°C for 72 h and subsequently weighed. A granulometric curve was obtained as cumulative percentages starting with the coarsest fraction. Several granulometric indices were calculated: sorting coefficient, graphic mean (median grain diameter, Md), and inclusive graphic skewness (Giere 1993) .
Phototrophs and vertical distribution of pigments. Sediment cores (n = 3) with a surface area of 4 cm 2 (as recommended by Eaton & Moss 1966) were taken from each of the benthic communities at Site 2 in April 2003 and immediately carried to the laboratory. Vertical distributions of pigments were studied in these cores by slicing thin sections (1 mm) of fresh sediment using a razor blade. A total of 10 sections were obtained from each core. As extractant, 100% methanol was used (Thompson et al. 1999) . Samples were sonicated (5 pulses of 30 s at 15 W) and extracted for 24 h at 4°C in the dark. Extracts were filtered and the absorption spectrum was obtained between 350 and 1100 nm using a spectrophotometer (Unicam UV/VIS UV2 ® ). Pigment concentrations (chlorophyll a [chl a] and bacteriochlorophyll a) were estimated after Pierson et al. (1987) and results were expressed in µg of chl a g -1 of wet weight (ww). Taxonomic identifications of microalgae were done by light microscopy according to Bourrelly (1970 Bourrelly ( , 1972 Bourrelly ( , 1981 , Rippka et al. (1979) , Sournia (1986) , Castenholz et al. (1989) , Staley et al. (1989) , Komárek & Anagnostidis (1986 , 1989 , Round et al. (1990) and Chrétiennot-Dinet (1990) . A chl a:C ratio of 1:50 was used to transform chl a concentration in C (Joint 1978) .
Meiofauna and macrofauna abundance. Cores taken in April (2003) for meiofauna analyses (n = 3) were collected by using a 2.7 cm i.d. syringe with the lower end cut. Meiofauna from the upper 1 cm were quantified. Samples were filtered through a fine mesh of 63 µm (after passing through a mesh of 500 µm) using filtered (0.45 µm) seawater. Subsequently, they were fixed and mixed with 4% formaldehyde, containing 1 g l -1 Rose Bengal. Numbers of individuals from different groups (Nematoda, harpacticoid Copepoda, Amphipoda, polychaetes, Ciliata and Diptera larvae) were hand-sorted under a stereoscopic microscope.
Cores destined for macrofauna analysis (n = 3, i.d. = 10.5 cm) were taken from each benthic community in April (2003) . The upper 5 cm were sieved with in situ water through a mesh of 500 µm (Holme 1971) . A soft brush was used to facilitate sample dislodgment through the filter (Arias & Drake 1999) . Major taxonomic groups (Diptera larvae, polychaetes, Lamellibranchia and amphipods) were hand-sorted under a stereoscopic microscope. Species were determined after Arias & Drake (1999) .
Vertical profiles of oxygen, sulfide and pH. From each microbenthic community a sample was taken in April-May (2003) with a plexiglass core tube (i.d. = 6 cm) and was used for microelectrode measurements immediately upon return to the laboratory. The core tube containing the sample was placed in a temperature-controlled flow chamber (Lorenzen et al. 1995) , which was filled with filtered water from the sampling site (salinity = 43), and a flow of 0.55 cm s -1 was established. This was calculated as the rate of outflow divided by the water-filled cross-area of the chamber (Lorenzen et al. 1995) . The water depth inside the chamber was 1 cm. The cores were incubated at a temperature of 20 ± 1°C and a photon flux density of 220 µmol m -2 s -1 using a halogen lamp (Novaflex, World Precision Instruments) for at least 1 h before the measurements were started. Steady-state profiles of dissolved oxygen, sulfide and pH were measured using microelectrodes. The microelectrodes were mounted in a micromanipulator and were lowered into the samples with a 100 µm vertical step resolution. Microelectrodes were purchased from Unisense ® . The oxygen sensors (Revsbech 1989 ) had a tip diameter of 20 to 30 µm, a response time of 0.2 to 0.4 s, and a stirring sensibility < 2%. Linear calibration was performed by taking 100% saturation of O 2 at the well-oxygenated overlying water in the flow chamber, while 0% saturation was achieved in the anoxic layer inside the mat , Epping et al. 1999 ). The sulfide microelectrodes had a tip diameter of 20 to 30 µm. Calibration was done by adding aliquots of a sodium sulfide solution (50 mM in N 2 -flushed 0.1 M NaOH) to an N 2 -flushed 0.1 M phosphate buffer of pH 7 (Jeroschewski et al. 1996 , Kühl et al. 1998 ). Oxygen and sulfide sensors were connected to a high-sensitivity picoammeter (Unisense PA2000 ® ). The polarization voltage was adjusted to -0.80 V for the oxygen sensor and to + 0.085 V for the sulfide sensor. The pH microelectrode had a tip diameter of 25 µm. This sensor was connected via a high impedance mV-meter (MeterLab) to an external reference electrode positioned in the bulk water during the experiments. The pH electrode was calibrated using 0.1 M phosphate buffers of pH 6, 8 and 10 (Revsbech & Jørgensen 1986 ). All calibrations were performed at the same temperature as the measurements. When the pH profiles showed a significant variation (> 0.1 pH unit), it was necessary to correct the measured sulfide profiles (Kühl & Jørgensen 1992) , whose concentration was calculated as follows:
where [S tot 2 -] is the total sulfide concentration, H 3 O + is the hydrogen ion activity, calculated from measured pH values. K 1 and K 2 are the first and second dissociation constants, respectively, of the sulfide equilibrium system: pK 1 = 7.05 and pK 2 = 17.1 (Kühl & Jørgensen 1992) .
Flux calculations. From the obtained oxygen profiles, oxygen fluxes across the sediment-water interface (J ) were calculated using the equation of Fick's first law of diffusion : , which is 8% lower than the value for freshwater (Broecker & Peng 1974 , Li & Gregory 1974 . A negative flux (J up ) indicates a net export of oxygen out of the sediment and represents the net areal photosynthesis (P n ) of the microbial community present; a positive flux indicates a net uptake of oxygen and represents the areal respiration (R dark ) ( Table 1) .
In order to calculate the oxygen flux inside the sediment, equations also based on Eq. (2) were used :
where J' down is the oxygen flux inside the mat, φ(z) is the porosity and D s (z) and D e are the apparent and the effective diffusion coefficients, respectively, inside the 56 Table 1 . Oxygen and sulfide fluxes and other parameters calculated in the 3 benthic communities studied. The variables used is the same as in Kühl et al. (1996) . UL: values calculated in the upper layer of the fluffy mat, but not used for calculations. DL: values expected in the downward layer, where a dense and compact band of Microcoleus chthonoplastes was found, similar in the compact mat. Photosynthetic and respiratory quotients of 1 were used to express photosynthesis and respiration rate in C units when necessary. Net carbon fixation rate during the day was calculated from the areal net photosynthesis rate, and the aerobic carbon mineralization during the night from the respiration rate in the dark, assuming a light:dark cycle of 12:12 h light:dark. The daily net primary production was calculated by subtracting carbon mineralization from carbon fixation.
Sulfide fluxes inside the fluffy and the compact mats were calculated using Eq. (3), assuming D s (H 2 S) = 1.39 × 10 -5 cm 2 s -1 as the apparent diffusion coefficient of sulfide (Kühl & Jørgensen 1992 ) and the porosity close to the unit and constant with depth.
Statistical analysis. Differences in chl a, meio-and macrofauna among microbenthic communities (mean values) were tested by analysis of variance (ANOVA). The Tukey test was used after ANOVA to further test differences between 2 means (Zar 1984) . Two-factor ANOVA was used to compare vertical distributions of chl a and oxygen among communities, using Statgraphics ® Plus 5.0. In this analysis, the effects on oxygen or chl a of the factors type of community and depth (as dependent variables) were statistically evaluated.
RESULTS

Hydrology and physico-chemical parameters of the water column
Tidal influence in the lagoon was clearly noted at Site 1, where the highest water levels coincided with the highest levels of high tide (Fig. 2a) . However, the water level was not only controlled by tides. The negative rain-evaporation balance in May and June (Fig. 2b) resulted in a decrease in water level and a considerable increase in salinity, which was most pronounced at Site 2 (Fig. 2c) . During the monitoring period, nitrate concentration remained below 1.05 µM at both stations, while ammonium varied between 2.5 and 10 µM without a clear trend (data not shown). Measurements of water level, dissolved O 2 , pH, and temperature during a tidal cycle (short-term measurements, Fig. 2 ) also revealed that tidal influence was greater at Site 1 than at Site 2, where the input of tidal water is hardly observed (Fig.  2e) . A sharp change was observed in water level and water temperature at Site 1 at the moment of tidal input (Fig. 2e,f,h ). Evidence of a daily cycle in both O 2 and pH were observed at both sites (Fig. 2f,g ). O 2 in the water column was undersaturated in the morning (20 to 50%) and supersaturated during the afternoon (100 to 150%).
Spatial distribution of benthic microbial communities
Spatial distribution of different communities in the lagoon was not homogeneous (Fig. 1) . Microbial mats covered a large area at Site 2 (about 50% in winter and about 65% in summer), where tidal influence was lower and therefore more prone to seasonal salinity changes and periodic desiccation. Microbial mats were also present in small areas closer to the San Pedro estuary. These sites were located well above sea level, and tidal water input was restricted to the biggest tides. The aspect of surface and physical structure of the microbenthic communities studied at Site 2 differed considerably (Fig. 3) . Moreover, a clear zonation was observed in the spatial distribution of these communities along a transect from the center of the lagoon to the emerged shore (Fig. 4) . The inner part of the lagoon was covered by lax diatomdominated sediment without mat structure ( Fig. 3a) with an overlaying water column of about 15 cm. This sediment had a loose appearance and its surface comprised plenty of tubes from amphipods and polychaetes. A fluffy microbial mat covered a band closer to the shoreline at a mean depth of 6 cm and showed a 4 to 5 mm thick surface, fluffy layer (Fig. 3b) . Compact-laminated microbial mats (Fig. 3c) mainly appeared in the lagoon fringes (about 3 cm depth), where the emersion-flood episodes were more frequent and/or water salinity reached higher values. Each of these 3 communities represented different autotrophic biomass inhabiting the sediment surface. To emphasise this, we measured total chl a per unit area in a short transect along a steep shore (Fig. 5) . The mats covered wider fringes where the slope was less pronounced, as they appeared in the water level fluctuation zone, i.e. in the fringe that is not permanently but only periodically flooded.
The sediments at Site 2 were mainly composed of fine sand (Md = 0.19 mm). Some differences were observed between communities (Fig. 6 ), such as a higher mean grain size in both microbial mats (Md = 0.23 and 0.35 mm for fluffy and compact mats, respectively). However, this could be an artifact due to retention of portions of tangled cyanobacterial filaments in the biggest sieve.
Types of microbenthic community and taxonomic composition
Three different microbenthic communities were found at Site 2. Benthic pennate diatoms dominated the non-cohesive sediment located in the innermost part of the lagoon as the main taxonomic group among phototrophs. Pleurosigma, Nitzschia, Amphora and Navicula genera appeared frequently. Cyanobacteria were much scarcer than diatoms, but few and isolated colonies of Oscillatoria sp. and Spirulina sp. (Oscillatoriales), with gliding motility, were observed in the lax, light-brown surface of the sediment.
Fluffy mats usually presented several well-defined layers. Different taxonomic groups appeared vertically segregated in the mat, forming different coloured layers. Pennate diatoms, mainly Nitzschia spp., Navicula spp. and Amphora spp., dominated the upper golden layer. Striatella unipunctata was also abundant at some isolated points. Fluffy tufts (Fig. 3b) were formed by the diatoms previously mentioned and some filamentous cyanobacteria, like Oscillatoria sp. Below this fluffy, golden layer, a green band dominated by cyanobacteria was found, with Microcoleus chthonoplastes (Oscillatoriales) as the dominant species. Gloeocapsa and Chroococcus turgidus (order Chroococcales) were also found. A thin white band of ca. 100 µm dominated by the filamentous, motile colourless sulfur bacterium Beggiatoa sp. was observed below the cyanobacterial layer. A 200 µm thick purple layer and a thin hard crust could be observed before reaching the black sediment. The compact mat usually appeared to be associated with the upper border of the lagoon, and it was thinner than the fluffy mats. A diatom layer was not observed. The photosynthetic community was mainly composed of the filamentous cyanobacteria Microcoleus chthonoplastes, which formed a dense and highly compact mat (Fig. 3c) . Below this band, a thin white band composed of Beggiatoa and a thin purple layer could be observed before reaching the black sediment.
Vertical distribution of pigments and organic matter
The vertical structure of the photosynthetic community was significantly different among the 3 benthic communities (p < 0.001, 2-factor ANOVA). In the sediment and the compact mat, maximum chl a concentrations were found in the uppermost layer, while in the fluffy mat they were found between 3 and 5 mm depth (Fig. 7a) . This subsurface chl a maximum coincided with the presence of a dense layer of Microcoleus chthonoplastes at this depth. Mean values were also significantly different (p < 0.025, ANOVA) among communities (14.7 µg chl a g -1 ww in the sediment and 63.9 and 66.2 µg chl a g -1 ww for the fluffy and the compact mats, respectively), but significant differences only existed between the sediment and both mats (p < 0.001, Tukey test). However, maximum surface values in the compact mat were 2-fold higher than in the subsurface maximum present in the fluffy mat, and even 4 to 5 times higher when the upper layers of both mats were compared (Fig. 7a) . Maximum bacteriochlorophyll a concentrations were found below the maximum chl a concentrations in the 3 communities, but they were much higher in the compact mat than in the sediment and the fluffy mat (Fig. 7b) .
Differences in the vertical structure of microbenthic communities were evident in their organic matter and water contents (Fig. 8) . A lower organic content was present in the sediment (Fig. 8a) , while both mats (fluffy and compact) showed greater amounts of organic content (Fig. 8a) , mainly associated with the surface, where diatoms and cyanobacteria accumulate. Water content analysis also showed some differences between the benthic communities studied, with a higher amount of water in the fluffy mat (Fig. 8b) , which could be related to its plenty-of-tufts fluffy structure.
Vertical microgradients of O 2 , sulfide and pH
Vertical distribution of O 2 in light significantly differed among communities (p < 0.001, 2-factor ANOVA). The highest O 2 penetration and oxygen concentrations were detected in the fluffy microbial mat, where an oxygen subsurface maximum (values up to 1100 µM) was found at 3.5 to 6 mm depth. The sediment and the compact mat presented very similar maximum concentrations of oxygen, of ca. 800 µM (Fig. 9a) , despite having quite different chl a concentrations (Fig. 7) ; these O 2 maxima were shallower than in the fluffy mat, and they were located at similar depths. However, O 2 penetration was 2-fold higher in the diatom-dominated sediment compared with the compact microbial mat. Maximum oxygen concentrations in both the fluffy and the compact mats were associated with a layer dominated by Microcoleus chthonoplastes. In the dark, the oxic layer was strongly reduced in all 3 communities, Cumulative weight % Grain size (mm) Fig. 6 . Granulometric curves of the 3 microbenthic communities studied reaching very similar depths: 1 mm in the sediment and 0.7 mm in the compact mat (Fig. 9d) . The maximum difference between light and dark conditions occurred in the fluffy mat, with a drastic reduction from 10 to 1.7 mm. Areal net photosynthesis rate calculated from the O 2 profiles at the diffusive boundary layer in light represents the oxygen exportation to the overlying water (J up ), and was highest for the compact mat (0. ) ( Table 1 ). The oxygen exportation obtained in the compact mat could be expected by taking into account that chl a concentration was highest in this community. However, minimum values found in the fluffy mat were unexpected, as maximum oxygen concentrations of up to 1100 µM were found (see 'Discussion'). The flux of O 2 produced in the community photic layer that diffuses downward (J ' down ) was highest for the compact mat (0.112 µmol O 2 cm -2 h -1 ), indicating that both the highest net photosynthesis and the highest oxygen consumption below the photic layer occurred in this mat. The lowest J ' down values were estimated in the fluffy mat (0.03 µmol O 2 cm -2 h -1 ) ( Table 1) . These results are again surprising, considering that both microbial mats were similar in the layer where J ' down was calculated. A layer of Microcoleus chthonoplastes above the Beggiatoa layer and the purple bacteria was found at 7 to 9 mm in the fluffy mat and at 1.5 to 2 mm in the compact mat, where J ' down was calculated for each community. Areal respiration in the dark (R dark ) was maximum for the diatomdominated sediment (0. In the light, pH profiles corresponded with oxygen profiles, with the highest pHs, generally, at the same depths as the highest oxygen concentrations (Fig. 9a,c) . Maximum pH values of 9.6 and 10.5 were measured in the fluffy and the compact mats, respectively (Fig. 9c) . In the dark, pH remained constant in both the sediment and the fluffy mat, while in the compact mat a relatively steep decrease was observed (Fig. 9f) .
Sulfide was not detected in the upper 9 mm in the diatom-dominated sediment (Fig. 9b,e) . In the fluffy mat, some sulfide was measured from 8 mm downward only in the dark (Fig. 9e) . In the compact mat, increasing concentrations with depth (up to 500 µM) were found in both light and dark. However, the oxygen-sulfide transition layer was pushed downward in light as the result of photosynthetic O 2 production. (Fig. 9b,e) . Apparent rates of sulfate reduction for the compact mat, calculated from the sulfide profiles, reached 0.084 and 0.0798 µmol cm -2 h -1 in light and dark, respectively (Table 1 ). The degree of compactness of each community is clearly reflected in the product φ × D s , which express diffusivity ( Table 1) ). The water content in the upper 2 mm and O 2 penetration depth were positively correlated with diffusivity (Fig. 10a,b) . Meiofaunal abundance and diffusivity seems to be positively related although large changes in diffusivity between the compact mat and the diatom-dominated sediment were not matched by a similar increase in meiofauna (Fig. 10c) . However, the large abundance of macrofauna in the diatom-dominated sediment might be responsible for the relatively high diffusivity measured in this community (Fig. 11a) . 
Meiofauna and macrofauna
Several different taxonomic groups of meiofaunal organisms were found: nematodes, harpacticoid copepods, amphipods (juvenile), polychaetes and large ciliates (> 300 µm). In the fluffy mat, meiofaunal abundance was very high (mainly nematodes and harpacticoids) in comparison to sediment and the compact mat, where meiofaunal abundance was very low (Fig. 11a) . The concentration of nematodes was 8-fold higher in the fluffy mat than in the sediment, while harpacticoids were only found in the fluffy mat (0.51 × 10 6 ind. m -2
). Abundances of nematodes and harpacticoids were significantly different among the different communities (p < 0.001, ANOVA).
Four different groups of macroorganisms were found: dipteran larvae (Chironomus salinarius and Halocladius varians), polychaetes (Capitella capitata and Nereis diversicolor), Lamellibranchia (Cerastoderma glaucum) and amphipods (Cymadusa filosa, Microdeutopus gryllotalpa and Melita palmata) (Fig. 11b) . No living gastropods were found, but a large number of empty shells from Hydrobia minoricensis and H. ulvae were present (Fig. 11c) , especially in the bare sediment, indicating that this group can temporarily colonize this habitat. Polychaetes were only present in sediment (1.17 × 10 4 ind. m -2 ), while dipteran larvae were as abundant in the sediment as in the fluffy mat ) (Fig. 11b) . However, the main dipteran species in the sediment was the red C. salinarius, while H. varians (green in colour) only appeared in the fluffy mat. Amphipods were much more abundant in sediment (ca. 1.6 × 10 4 ind. m ). The most striking result was the absence of macrofauna in the compact mat. Abundances of amphipods, polychaetes, dipteran larvae, and numbers of Hydrobia spp. shells all differed significantly among the 3 communities (p < 0.003, ANOVA). Abundances of Lamellibranchia did not differ among communities (p = 0.26).
DISCUSSION
Types of microbenthic communities and spatial distributions
Well-developed microbial mats were mainly present at Site 2. Sites 1 and 2 differed considerably regarding physical forcing. Direct tidal influence at Site 1 controlled the water level and physico-chemical properties of the water column (Fig. 2) . This regulation was apparent at short (within a day) and longer (weeks and months) time scales. In particular, daily tides kept salinity changes quite constant at Site 1, while salinity at Site 2 increased from April to the middle of June. Water balance over time was more complicated at Site 2, where the entry of water from the San Pedro estuary was restricted to the very high tides and therefore changes in the rain-evaporation balance control the water level and salinity in this part of the lagoon that usually dries out in summer. These observations suggest that microbial mats develop either in sediments prone to episodic emersion or seasonal dry periods, or where hypersaline conditions are dominant for at least part of the year. Both frequent emersion periods and high salinity are the major differences between Sites 1 and 2 (Fig. 2a,c) . The restriction of microbial mats to extreme environments has been repeatedly shown (Castenholz 1984 , Pierson et al. 1987 , Lassen et al. 1992 , Wieland & Kühl 2000 . However, it is unclear whether the association between microbial mats and extreme conditions is a consequence of specific physiological adaptation of filamentous cyanobacteria dominating microbial mats, and/or because extreme conditions are limiting for grazers. Physiological adaptations to extreme abiotic factors could allow cyanobacteria to outcompete other taxonomic groups of primary producers like diatoms. However, the absence of microbial mats in more moderate conditions like those present at Site 1 is generally explained to be a result of colonization by meio-and macrofauna (Hargrave 1970 , Connor et al. 1982 ). An experimental microcosm study reported that microbial mats only developed when potential grazers were excluded (Fenchel 1998) .
Microbenthic communities found at Site 2, distinguishable to the naked eye (Fig. 3) , were spatially distributed according to a very clear zonation pattern (Figs. 4 & 5) . From the lagoon center, the diatomdominated sediment, the fluffy microbial mat, and the compact microbial mat covered concentric zones located at progressively shallower water depths and, therefore, under increasing physical stress. These microbial communities were different in taxonomic composition, vertical organization, standing stock of autotrophic biomass, and also supported different abundances of meio-and macrofauna (Figs. 5, 7 & 11) .
Pennate diatoms dominated the oxygenic photosynthetic component of the sediment community of the inner part of the lagoon. Although some mat-forming microorganisms like Oscillatoria sp. and Spirulina sp. were present as isolated short colonies, this microbial community did not constitute mat consistency. The sediment grains, mainly fine sand, were not strongly bound either by mucus secretions or by the entangled framework of filamentous cyanobacteria as shown by the granulometric curve (Fig. 6 ). Standing stocks of photoautotrophic biomass and total organic matter content in sediment were the lowest of the communities studied (Figs. 7 & 8) . These values were somewhat larger than the range of concentrations found in many tidal flats in the upper first centimeter: 46 to 94 mg chl a m -2 in Netarts bay, USA (Davis & McIntire 1983) , 11 to 240 (mean ca. 110) mg chl a m -2 in Tagus Estuary, Portugal (Brotas et al. 1995) and ca. 3 to 20 mg chl a m -2 in the Molenplaat, The Netherlands (Barranguet et al. 1997) . Likely, the reduced erosion rate of sediment surface due to little water movement in this sheltered environment in comparison to a tidal flat could explain the relatively high photoautotrophic biomass of this diatom-dominated microbial community.
Closer to the lagoon fringe, the diatom-dominated community was replaced by a fluffy microbial mat. This seems to be mainly a transition community between the diatom-dominated sediment and the compact microbial mat dominated by cyanobacteria. The 2 major characteristics of the fluffy mat were the presence of a diatom layer with some Oscillatoria sp. filaments on a deeper Microcoleus band, and the fluffy consistency of the diatom layer. Diatom species found in the fluffy mat were similar to those found in the diatom-dominated sediment, suggesting a possible colonization from sediment. The presence of a golden diatom layer on cyanobacteria-dominated microbial mats is relatively common , Pierson et al. 1987 , Lassen et al. 1992 , but the ecological factors that determine its presence are not clear. It is likely that in our system, diatom colonization of the compact microbial mats at the lagoon fringe is limited by the lower resistance of diatoms to drought stress compared to matforming cyanobacteria. Although the diatom layer is frequently observed in microbial mats, the extreme fluffy consistency found here is less common. It is likely that such a fragile 3D structure can persist only under quiescent hydrodynamic conditions, such as those that occur within the lagoon. This structure considerably increases the fractal dimension at the water-sediment interface, therefore increasing the surface for mass exchange. Biofilms grown under conditions of low flow velocity spontaneously develop a spongy architecture with voids and channels where mass transfer is no longer exclusively by molecular diffusion (Røy et al. 2002) . In addition, its 3-dimensional structure potentially creates many new ecological microniches (Raffaelli & Hawkins 1996) , which may explain the much higher abundance of meiofauna in the fluffy microbial mats compared with the diatom-dominated sediment and the compact microbial mat. Alternatively, meiofaunal activity could also have contributed to the observed structure (Huettel & Gust 1992) , which may remain because of low shear stress and turbulence existing at Site 2.
The compact microbial mat, dominated by Microcoleus chthonoplastes, was restricted to the lagoon fringe, where periodic emersion and desiccation are more likely. M. chthonoplastes has a variety of physiological adaptations to drought stress: the production of UV-protective substances (Garcia-Pichel & Castenholz 1991) , compatible solutes (Karsten 1996) , capsular exopolymeric substances (De Winder et al. 1999) , and a higher competitive success at high temperature relative to diatoms (Waterman et al. 1999 ) are some examples. In addition, the very low abundance of meio-and macrofauna in the lagoon fringe likely contributed to the preservation of the compact mat structure. Below the M. chthonoplastes layer, the vertical community structure of both types of mats were very similar. Despite having very different vertical distributions of photoautrophic biomass (Fig. 7) , both types of mats had similar concentrations of chl a per surface unit.
Meio-and macrofaunal abundance probably also influences microbenthic community composition in every zone. Benthic fauna are in turn critically controlled by hydric stress. Macrofauna was almost absent from the area covered by compact microbial mats, but reached maximal densities in the innermost part of the lagoon covered by loose sediment (Fig. 11) . Although at the time of sampling no living gastropods were found, the number of empty Hydrobia spp. shells suggests either a preference for the permanently immersed zone, or an accumulation of corpses in deeper areas where water remains for a longer time. In contrast, meiofauna were more abundant in the fluffy mat, with nematodes and harpacticoid copepods being the most abundant taxonomic groups. Both macrofauna and meiofauna abundances were low in the lagoon fringe where the water level was lower and the risk of desiccation higher.
Community structure and function
Differences in the vertical structure and species composition of the microbenthic communities considerably affected their net metabolism and the mass exchange at the water-sediment interface. These differences were manifested in the vertical profiles of O 2 , pH and H 2 S among the 3 types of communities. Microelectrode measurements in the 3 communities were done under identical experimental conditions, including temperature, irradiance, and flow velocity, which allowed for direct comparison of measured profiles, and the process rates derived from them. The different structures of the 3 communities were reflected in the measured diffusivities. In the compact mat, diffusivity was the lowest, while in the fluffy mat it was the highest. Assuming the same oxygen concentration in the water column, oxygen penetration depth in the dark depends directly on diffusivity and inversely on the oxygen consumption rate within the sediment (Revsbech et al. 1980 , Rasmussen & Jørgensen 1992 . In summary, the fluffy mat was characterized by the highest diffusivity coefficients, O 2 penetration and O 2 consumption rates, while the compact mat showed the lowest ones.
The oxygen penetration depth in the light in sediments inhabited by photosynthetic communities depends strongly on incident photon flux density. In the light, photosynthetic oxygen production considerably increases the oxygen availability in the sediment and the oxygen penetrates down to deeper layers . It is possible that photon flux density used in this study (220 µmol photons m -2 s -1 ) was not saturating, but since it was identical during light measurements for the 3 communities, it is interesting to compare the differences found between dark and light. The fluffy microbial mat showed the biggest differences between oxygen penetration depth in the light (10 mm) and in the dark (1.8 mm). This 8.2 mm difference represents an important contribution of the oxygenic photosynthetic community to the volume of aerobic sediment during daytime, where the oxidation of organic matter is carried out by aerobic respiration. Lower values were measured for the diatomdominated sediment (3.9 mm) and the compact microbial mat (1.3 mm), which were similar to those reported in the literature for these types of communities (Jør-gensen et al. 1983 , Wieland & Kühl 2000 . At a given photon flux density, oxygen penetration depends on the net photosynthetic rate in the photic layer, the oxygen consumption rate (including both biotic and abiotic processes) in the deepest layer, and on the sediment diffusivity. The structure of the fluffy microbial mat was responsible for a high diffusivity and probably led to a considerably deeper penetration of light, which caused a much deeper O 2 penetration in the light than for the other communities.
Below the oxic layer, mineralization of the organic matter depends upon the availability of electron acceptors other than O 2 . In marine sediments, sulphate reduction is the major anaerobic processes to complete the oxidation of organic matter (Jørgensen 1982) . Our results show important differences among the 3 benthic microbial communities regarding dissolved sulphide concentration within the sediment (Fig. 10) . Sulphide was not detected in the diatom-dominated sediment in the upper 9 mm in the light or in the dark. In the fluffy mat, small amounts of H 2 S were only detected below 8 mm in the dark when photosynthetic activity was suppressed. However, high H 2 S concentrations were measured in the compact mat below the oxic layer both in the light and dark. Sulphate reduction in coastal sediments is mainly controlled by temperature and the input of organic matter (Moeslund et al. 1994) . Since the experimental conditions for the microelectrodes measurement were identical, temperature cannot explain the observed differences in H 2 S concentration. Therefore, the absence of H 2 S in the diatom-dominated sediment is likely related to its lower organic-matter content (Fig. 8) . Different reoxidation rates could also occur among communities, since the O 2 penetration depth was also different in light. Dissolved sulphide is not usually found close to the surface in low-organic coastal sediments, where the reoxidation with Fe and Mn is rapid (Moeslund et al. 1994 . However, the usual presence of H 2 S in microbial mats is due to the high accumulation of biomass per unit of volume and to their relatively high primary production rates (Cohen & Rosenberg 1989 , Kühl & Jørgensen 1992 ). Both conditions were observed in the compact microbial mat, where areal net photosynthesis rate and oxygenic photosynthetic biomass was higher than in other sediment types (Table 1, Fig. 7) . The fluffy mat contained only slightly lower integrated chl a and a larger content of organic matter (Figs. 7 & 8) ; however, areal net photosynthesis rate was the lowest (Table 1 ). In the fluffy and compact mats, the presence and the position of the H 2 S-O 2 interface was associated with the white layer dominated by the sulphide oxidizing bacteria Beggiatoa. This layer was more developed in the compact mat and was absent in the diatom-dominated sediment, where no H 2 S was detected.
Food chains from microbenthic communities
Primary production by microphytobenthos is the essential energy and organic carbon source for the heterotrophic community inhabiting the lagoon. Besides being a very shallow environment, the mean chl a concentrations in the water column during the same period shown in Fig. 2 were 3.05 and 1.45 µg chl a l -1 for Sites 1 and 2, respectively (results not shown). Assuming a mean depth of 0.5 m, the integrated chl a concentrations in the water column, 1.52 and 0.72 mg chl a m -2 , were more than 2 orders of magnitude lower than those measured in the benthic communities studied, ranging from 172 to 721 mg m -2 for the diatomdominated community and the compact microbial mat, respectively. Phytoplankton biomass was likely limited by the low inorganic nutrient concentration in the water column. Therefore, the balance between photosynthesis and respiration by the benthic microbial community seems primarily responsible for the observed daily changes in O 2 saturation and pH in the water column at both sites (Fig. 2) . However, it is difficult to assess the relative contribution of each community, since they have different chl a concentrations and meio-and macrofaunal abundances.
Given their differences in photoautotrophic biomass, the 3 communities are likely to have different contributions to the total primary production of the system. In addition, the fraction of the fixed C that will be recycled within each microbial community or exported to higher trophic levels seems to differ between communities as well. Comparison of net photosynthesic carbon fixation rate and aerobic respiration rate in the dark provides insight into the fate of fixed C for each community and how much will be available for higher trophic levels. In the diatom-dominated sediment, net carbon fixation during the light period was 40.1 µg C cm -2 d -1
, while dark respiration was 21.6 µg C cm -2 d -1
and thus the daily net primary production was 18.5 µg C cm -2 d -1
. This daily net primary production did not accumulate in the sediment because both photosynthetic biomass and organic matter content in the sediment were the lowest of the 3 communities. Given the abundance of macrofauna in the diatom-dominated sediment, it is likely that a large fraction of the daily net primary production is channelled to higher trophic levels. The flow of organic carbon to anaerobic mineralization was apparently low because no H 2 S was detected in this community. The turnover rate for the photosynthetic component (P:B) can be approached by dividing the areal net photosynthesis rate by the photoautotrophic biomass, both expressed in carbon units. The P:B ratio for the oxygenic photosynthetic component was 0.09 d ). This low rate is probably the result of respiration by the abundant meiofauna inhabiting mostly the upper diatom layer. Dark respiration was 18 µg C cm -2 d -1
, and therefore the daily net primary production was only 2.2 µg C cm -2 d -1
. Given the abundance of meiofauna, they seem to be the major consumers of primary production in the diatom layer in the fluffy mat. In addition, high numbers of meiofauna may indirectly stimulate microphytobenthic production by enhancing nutrient availability and thus allowing a deeper penetration of light (Fenchel & Straarup 1971 , Jørgensen & Des Marais 1986 . Direct exploitation by meiofauna of primary production at the level of the Microcoleus chthonoplastes band, where the chl a maximum in this community was detected, is more unlikely due to periodic anoxia. Because meiofauna are known to be mainly restricted to the oxic layer in sediments (Knox 2000) , it is likely that the existence of daily anaerobic conditions during the night at the level of the M. chthonoplastes layer prevented it from being grazed by meiofauna. The destiny of the fixed carbon in this layer is to either accumulate in the sediment or be mineralized anaerobically. The presence of sulphide in the dark indicates the activity of sulphatereducing bacteria. In addition, the fluxes of O 2 at the mat -water interface might have been underestimated due to the fluffy architecture of the diatom layer. The structure of this layer, which includes many voids and channels, might have prevented molecular diffusion from being the dominant mass-transfer mechanism. We have some evidence of this because our attempts to measure gross primary production inside the fluffy diatom layer by the dark-light shift technique failed. This technique is based on Fick's second law of molecular diffusion . If this was the case, both net photosynthesis rate and respiration in dark might have been underestimated.
The compact microbial mat presented the highest areal net photosynthesis rate. On a daily basis, the net carbon fixation rate was 50.5 µg C cm -2 d -1
. Only a fraction of this C was mineralized during the night: 14.4 µg C cm -2 d -1
. Since meio-and macrofauna were almost absent in the area covered by the compact microbial mat, the daily net primary production (36.1 µg C cm -2 d -1
) was used in mat growth and/or oxidized by anaerobic processes. The importance of sulphate reduction as a mechanism of anaerobic mineralization of the organic carbon was evident from the high H 2 S concentration found in this mat and, structurally, in the presence of a very conspicuous Beggiatoa layer.
